The 350-kDa sperm-binding protein (SBP), a speciesspecific sperm-binding protein, is localized in the vitelline layer of sea urchin eggs. In this study, we have shown for the first time that sperm gangliosides are ligands for the intact glycosylated SBP. Using recombinant fragments of the SBP, the N-terminal heat shock protein 110-like domain was shown to be responsible for the binding. The intact SBP could bind various gangliosides, and the binding was sialidase-sensitive and inhibited by sialyllactose, thus indicating that it is the sialic acid-binding protein. Calcium and magnesium ions were not required but they did enhance the binding activity of SBP. The observation that bacterially expressed recombinant SBP and the sialidase-treated intact glycosylated SBP lost divalent cation-dependent enhancement of binding activity suggests that the sialylated carbohydrate moieties of the SBP may be involved in this property. Furthermore, the SBP was shown to bind sperm lipid rafts, in which gangliosides are enriched, and this binding was lost upon sialidase treatment of the lipid rafts. Finally, liposomes containing the ganglioside specifically inhibited fertilization. Taken together, these results allow us to identify SBP as a member of a new class of sialic acid-binding lectin belonging to the Hsp110 family, and indicate that SBP may be involved in interaction of sperm with the vitelline layer of the egg.
Glycolipids of the plasma membrane participate in various biological processes such as cell growth, differentiation, adhesion, and signal transduction (1, 2) . In gametic cells, the involvement of glycolipids in cell-cell recognition and adhesion during spermatogenesis and fertilization has been described (3) (4) (5) (6) (7) . In mouse fertilization, the importance of the major glycolipid, sulfogalactosylglycerolipid (SGG) 1 on the sperm surface has been shown, because a SGG-recognizing protein, sulfolipid immobilizing protein 1 (SLIP1), is present on both egg and sperm surfaces (3, 8) . Egg SLIP1 is suggested to be involved in sperm-egg plasma membrane binding through its binding to SGG (9) . Recently, a liposome containing SGG has been shown to bind the zona pellucida, the egg extracellular glycoprotein matrix, suggesting the presence of another binding counterpart to SGG in the zona components of the mouse (10). In rainbow trout, possible involvement of the sperm major glycolipid, deaminoneuraminyl lactosyl ceramide in the sperm-egg interaction has been suggested (11) .
In sea urchin sperm, the presence of unique gangliosides as a major component has been well documented (12, 13) . Our previous results suggested that sea urchin sperm gangliosides are enriched in a membrane microdomain (or lipid raft) (6) . Sperm lipid rafts are also characterized by the presence of both receptor and transducer proteins. Therefore, the lipid rafts may function as sites for binding some egg component to the sperm surface as well as for the subsequent signal transduction into the egg cell (6, 7) . It has also been shown that two different anti-sperm ganglioside antibodies specifically inhibit sea urchin fertilization. 2 These results strongly suggest that sperm gangliosides participate in the sperm-egg interaction in sea urchin. However, despite the suggested importance of the gangliosides, a ganglioside-binding protein has not been identified in sea urchin eggs. Therefore, we began searching for an egg component that can bind sperm gangliosides. In our efforts to do so, we have recently made a preliminary observation that the 350-kDa sperm-binding protein (SBP) could bind the major egg ganglioside (5) .
SBP was first identified and cloned as the species-specific binding molecule for sperm, and sperm can bind SBP after acrosome reaction (14 -17) . SBP is a heavily glycosylated glycoprotein and is largely localized in the vitelline layer (18) , an egg extracellular matrix corresponding to the mammalian zona pellucida. SBP is known to be involved in interaction with sperm through interactions with the polypeptide itself as well as interactions with the acidic O-linked oligosaccharide chains (19, 20) . Based on sperm binding experiments using recombinant fragments of SBP, two distinct sperm binding domains (SBD), a genus-specific and a genus-nonspecific SBD, were mapped on the glycoprotein (20) . The genus-specific SBD was shown to interact with bindin, an acrosome-derived protein that is exposed on the surface of acrosome-reacted sperm (21) . However, no binding counterpart on the sperm surface for the genus-nonspecific SBD has been so far identified. Interestingly, the genus-nonspecific SBD in SBP contains a homologous sequence (about 60% identity) to the heat shock protein (Hsp) 110 subfamily (14, 17) . The recombinant protein for the genusnonspecific SBD (named GST 45A) has also been suggested to bind sulfated galactose (22) . These results, together with our observation that the SBP binds the sperm gangliosides (5) , suggest that SBP has the ability to bind either sulfated galactose-containing glycolipid or the gangliosides on sea urchin sperm through the genus-nonspecific SBD.
In this study, we have characterized the binding properties of SBP to sperm gangliosides using both native and recombinant SBP. We have shown that SBP can bind sialic acid residues in gangliosides through the genus-nonspecific SBD and that sialylated carbohydrate moieties of the SBP are important for strong binding to the gangliosides that is enhanced in a divalent cation-dependent manner. There are several sialic acid-binding lectin families, such as the sialic acid-binding immunoglobulin-like lectins (siglecs) and selectins. This study shows that SBP is a sialic acid binding lectin that belongs to the Hsp family, a Hsp-like lectin. Therefore, Hsp-like lectin can be regarded as a new member of the sialic acid-binding lectin families. We have also tested if the SBP binds sperm lipid rafts, because gangliosides are enriched in the lipid rafts (6) . Our results show that SBP binds lipid rafts through sialic acid residues. Finally, we have shown that liposomes containing sperm ganglioside specifically inhibit sea urchin fertilization. Thus, it is concluded that this sialic acid-mediated interaction is important in the sperm-egg binding at sea urchin fertilization.
EXPERIMENTAL PROCEDURES
Materials-Hemicentrotus pulcherrimus was purchased from local fisheries at Tsushima and Fukushima, Japan and Strongylocentrotus purpuratus was purchased from Marinus Inc. (Venice, CA). Sea urchin sperm and eggs were collected by intracoelomic introduction of 0.5 M KCl. Compositions of artificial sea water (ASW) were 444 mM NaCl, 9 mM KCl, 30 mM MgCl 2 , 22 mM MgSO 4 , 10 mM CaCl 2 , 5 mM NaHCO 3 (pH 8.2) and those of calcium-and magnesium-free artificial sea water (CMF-ASW) were 500 mM NaCl, 10 mM KCl, 5 mM NaHCO 3 , 5 mM EDTA (pH 8.2). The 350-kDa SBP was purified from the plasma membrane-vitelline layer (PMVL) fraction of S. purpuratus and H. pulcherrimus according to the method of Ohlendieck et al. (15) with slight modifications (23) . The recombinant fragments of SBP that are Nterminally fused with GST, G-(96 -586), G-(96 -342), and G-(343-586), were prepared as described (20) . Arthrobacter ureafaciens and Clostridium perfringens sialidases were purchased from Nacalai (Kyoto, Japan) and Sigma, respectively. Gangliosides from S. purpuratus sperm, Neu5Ac␣23Neu5Ac␣236Glc␤13 Cer ((Neu5Ac) 2 GlcCer) 3 and those from H. pulcherrimus, Neu5Ac␣236Glc␤13 Cer (Neu5AcGlcCer), and Neu5Ac␣238Neu5Ac␣236Glc␤13 Cer ((Neu5Ac) 2 GlcCer(H)) were prepared from as described (13) . HSO333Gal␤13 Cer (sulfatide) and Gal␤134Glc␤13 Cer (LacCer), and Glc␤13 Cer were purchased from Sigma. Gal␤133GalNAc␤134(Neu5Ac␣233)Gal␤134Glc␤13 Cer (GM1) and Neu5Ac␣233Gal␤133GalNAc␤134(Neu5Ac␣233) Gal␤134Glc␤13 Cer (GD1a) were products form Calbiochem (San Diego, CA). Neu5Ac␣233Gal␤134Glc␤13 Cer (GM3) and Neu5Ac␣23 8Neu5Ac␣23 3Gal␤134Glc␤13 Cer (GD3) were purchased from Snow Brand (Tokyo Japan). 2-Deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en) was purchased from Roche Applied Science. Microcon YM-10 was a product of Millipore (Bedford, MA). A 96-well plastic plate was a product of Nunc (Immuno TM Plate, Denmark).
Antibodies-Mouse monoclonal antibody against SBP (m35.9) were prepared as described (18) . This antibody recognizes a polypeptide part (amino acids 343-586) of theSBP, as determined using a series of the recombinant fragments as antigens.
2 Anti-GST antibody (rabbit polyclonal IgG) was purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Peroxidase-conjugated goat antibodies against rabbit IgG and mouse (IgGϩIgM) were purchased from ICN/Cappel (Costa Mesa, CA) and American Qualex (San Clemente, CA), respectively.
Preparation of the Low Density, Detergent-insoluble Membrane (LD-DIM) Fraction-The LD-DIM) fraction from sperm (sperm LD-DIM) was prepared as described (6) . Unless otherwise stated, the amount of LD-DIM is expressed as the protein weight that is determined by the BCA assay kit (Bio-Rad) using bovine serum albumin (BSA) as a standard.
Preparation of Liposomes-For preparation of liposome with or without the sperm ganglioside, phosphatidylcholine, cholesterol, and (Neu5Ac) 2 GlcCer(H) in a ratio of 7:4:3 (w/w/w) or phosphatidylcholine and cholesterol in a ratio of 7:3 (w/w) were dissolved in 1 ml of chloroform/methanol (1:1, v/v). The mixtures were dried by rotary evaporator and subsequently in a desiccator under reduced pressure. Several glass beads and 5 ml of PBS were added and mixed. Vesicles of 100 nm in diameter were prepared by extruding these mixture through a filter (pore size, 100 nm) mounted in the extruder (Lipex Biomembranes, Vancouver, Canada) as described (24). The diameters of liposomes with and without the ganglioside were both 100 nm, as measured by Dynamic Light Scattering Spectrophotometer Photal DLS-7000 (Hirakata, Japan).
(a) Assay for Binding Activity of the SBP Binding of the SBP to Glycolipids-Binding activity of SBP was assayed based on enzymelinked immunosorbent assay (ELISA). Various glycolipids dissolved in ethanol at varying concentrations (50 l) were added to the wells, incubated at 37°C for 2 h and washed three times with PBS. Blocking was carried out by incubating the wells with 100 l of 1% BSA/PBS at room temperature for 2 h. After washing three times with PBS and once with ASW or CMF-ASW, to the wells were added the SBP dissolved in ASW or CMF-ASW (1.8 g/50 l/well) and incubated at room temperature for 2 h. After washing three times with ASW or CMF-ASW, the bound SBP was quantitated as follows. The wells were incubated with 50 l of m35.9 of 1:500 dilution with 1% BSA/PBS at 4°C for 12 h. After washing four times with PBST, the wells were incubated with 50 l of the peroxidase-conjugated goat antibody against mouse (IgGϩIgM) of 1:500 dilution with 1% BSA/PBS at room temperature for 2 h. After washing five times with PBST, color development was carried out by incubating with 100 l of 0.05% o-phenylenediamine, 0.1 M Tris-HCl (pH 7.5) and 0.006% H 2 O 2 , followed by addition of 100 l of 1 M H 2 SO 4 . Absorbance at 492 nm was measured on Bio-Rad Microplate Reader Model 450.
(b) Binding of SBP to the Sialidase-treated Sperm Gangliosides-The wells were coated with the ganglioside (Neu5Ac) 2 GlcCer at 250 ng of sialic acid/well, and blocked. After washing three times with PBS, the wells were incubated with or without a mixture of 2 milliunits/well each of A. ureafaciens and C. perfringens sialidases in 50 l of 50 mM sodium acetate (pH 5.5) at room temperature for 3 h. After washing twice with ASW containing 0.1 mM Neu5Ac2en and twice with ASW, SBP was added and the binding was assayed as described in (a), except that m35.9 was used at 1:100 dilution.
(c) Effect of Divalent Cations-After the glycolipid-coating and blocking, the wells were washed three times with PBS containing 5 mM EDTA, and the SBP that had been dissolved in 10 mM Tris-HCl (pH 8.0), 0.5 M NaCl containing CaCl 2 (1, 5, or 10 mM), MgSO 4 (1, 10, or 50 mM), or both 10 mM CaCl 2 and 50 mM MgSO 4 was added (50 l, 150 ng/well). The SBP dissolved in 10 mM Tris-HCl (pH 8.0), 0.5 M NaCl and 1 mM EDTA was also added to the wells, and the binding was assayed as described in (a).
(d) Binding of the Recombinant Fragments of SBP to GlycolipidsThe recombinant fragments of SBP (at indicated amounts in the figures) was used instead of SBP. Incubation with a GST fusion protein (GST-hyosophorin) that was kindly provided by Mr. J. Taniguchi in our laboratory (Nagoya University) was also run as a negative control. The bound recombinant SBP was also quantitated as described in (a) except that rabbit anti-GST antibody (1:1500 dilution) and the peroxidaseconjugated goat anti-rabbit IgG (1:2000 dilution) were used instead of m35.9 and the peroxidase-conjugated goat anti-mouse (IgGϩIgM), respectively.
(e) Binding of the Sialidase-treated SBP to the Sperm Ganglioside-SBP (270 g) was incubated with a mixture of 0.125 unit each of A. ureafaciens and C. perfringens sialidases in 640 l of 50 mM sodium acetate (pH 5.5) at 25°C for 3 h. The digest was ultrafiltered through Microcon YM-10. To the concentrated SBP, 500 l of 50 mM sodium acetate (pH 5.5) were added, followed by the ultrafiltration again. The resultant SBP was used for the ELISA-based binding assay after diluting with ASW or CMF-ASW. The combined filtrates were analyzed for the presence of released sialic acid by the fluorometric analysis (25, 26) . For quantitating content of sialic acid, the SBP (1.9 g) was hydrolyzed in 0.1 N trifluoroacetic acid at 80°C for 2 h, and the released sialic acid was fluorometrically quantitated. The sialidase activity was assayed as described (27) . For binding assay, coating, and blocking of the wells were described in (a). To the coated wells, 5.5 l of 1 mM Neu5Ac2en or water and 50 l of the SBP or the sialidase-treated SBP in ASW or CMF-ASW (1.8 g/50 l/well) were added and incubated at room temperature for 2 h. The bound SBP or sialidase-treated SBP was quantitated as described in (a).
(f) Binding of the SBP to the Sperm LD-DIM and the Sialidasetreated One-The wells were coated with 50 l of the sperm LD-DIM (0 -400 ng/well) in PBS at room temperature for 2 h. For sialidase treatment, the wells coated with the sperm LD-DIM at 200 ng of sialic acid/well were incubated with or without a mixture of 0 -2 milliunits/ well each of A. ureafaciens and C. perfringens sialidases in 50 l of 50 mM sodium acetate (pH 5.5) at room temperature for 3 h. After washing twice with ASW containing 0.1 mM Neu5Ac2en and twice with ASW, blocking and other procedures were done as described in (a).
Inhibition of the SBP Binding to (Neu5Ac) 2 GlcCer by SialyllactoseInhibition experiment of SBP binding to the ganglioside by sialyllactose was based on inhibition ELISA procedures as follows. The wells were coated with (Neu5Ac) 2 GlcCer at 250 ng of sialic acid/well and blocked. After washing three times with PBS and once with ASW, SBP (1.8 g/50 l) that had been mixed with 0 -1 mM sialyllactose in ASW for 5 min was added to the wells and incubated at 4°C for overnight. The bound SBP was quantitated as described in (a) of the above section.
Fertilization Experiments-Unfertilized eggs were washed several times with ASW and dejellied by passing through 70-m mesh 10 times. The extent of dejellying was checked by observing the distance between eggs under the microscope (18) . Dry sperm were diluted 50-fold into ASW (pH 8.0), and stored on ice within 3 h. Prior to use, sperm motility and the ability of sperm to aggregate with jelly were checked (18) . The sperm suspension was adjusted at appropriate density with ASW (pH 8.0) and a 10-l aliquot was added to 100 l of about 10% (v/v) egg suspension that had been kept at 14°C, and incubated at 14°C for 10 min. More than 200 eggs were observed under the microscope, and the number of eggs whose fertilization envelopes were elevated was counted as fertilized eggs. Two independent experiments were carried out.
For testing effects of the liposome with or without the ganglioside on fertilization, 90 l of the egg suspension (10% v/v) was pre-incubated with each liposome at 0 -50 ng/ml at 14°C for 30 min. Then, a 10-l aliquot of the sperm suspension was added to the egg suspension.
RESULTS
SBP binds sperm gangliosides. It was previously shown that acrosome-reacted sperm binds to SBP of sea urchin eggs (15, 16, 28) . Since SBP is mainly localized in the vitelline layer (18) , sperm surface gangliosides could interact with it during sperm penetration of the vitelline layer. In a search for molecules that could bind to sperm gangliosides, we found that SBP from S. purpuratus eggs could bind the sperm ganglioside, (Neu5Ac) 2 GlcCer (5). Following this finding, we have now further characterized binding activity of the SBP to sperm gangliosides. As shown in Fig. 1, A and B, SBP bound not only (Neu5Ac) 2 GlcCer but also Neu5AcGlcCer, in a concentrationdependent manner. (Neu5Ac) 2 GlcCer is a major ganglioside and Neu5AcGlcCer is a minor ganglioside (13) . These results indicate that SBP has the ability to bind sea urchin sperm gangliosides. When (Neu5Ac) 2 GlcCer was pretreated with sialidase, no binding was observed (Fig. 1C) . Moreover, the binding of SBP to (Neu5Ac) 2 GlcCer was inhibited by co-incubation with sialyllactose in a dose-dependent manner (Fig. 1D) . At 1 mM of sialyllactose, the binding was inhibited by 21%. These results clearly indicate that the sialic acid residue is necessary for SBP binding. Binding of SBP to sperm gangliosides was observed in the absence of Ca 2ϩ and Mg 2ϩ , showing that the binding does not require divalent cations. However, greater binding was observed in the presence of divalent cations than in their absence (Fig. 1, A and B) , indicating that divalent cations enhance the binding activity of SBP. SBP was also shown to be present in H. pulcherrimus eggs, 2 and similar binding ability to the sperm gangliosides was observed (data not shown).
Binding Properties of SBP to Various Gangliosides-To gain further insight into the binding properties of SBP, various FIG. 1. SBP binds sperm gangliosides in a sialic acid-dependent manner. The wells were coated with (Neu5Ac) 2 GlcCer (A) or Neu5AcGlcCer (B) at 0 -250 ng of sialic acid/well, and incubated with SBP purified from S. purpuratus (1.8 g/50 l/well) in the presence (•) or absence (E) of divalent cations at the same concentrations as in sea water (10 mM Ca 2ϩ and 52 mM Mg 2ϩ ) at room temperature for 2 h. The bound SBP was quantified as described under "Experimental Procedures." C, the wells coated with (Neu5Ac) 2 GlcCer at 250 ng of sialic acid/well were treated (ϩ) or untreated (Ϫ) with sialidases, and incubated with SBP (1.8 g/50 l/well) in the presence of divalent cations as above. Binding is expressed as a relative value compared with the extent of binding to the sialidase-untreated ganglioside set at 100%. D, the inhibition of sialyllactose to SBP binding to ganglioside. The wells were coated with (Neu5Ac) 2 GlcCer (250 ng of sialic acid/well) and incubated with sialyllactose-pretreated SBP (1.8 g/50 l/well).The bound SBP was quantified as described under "Experimental Procedures." Binding is expressed as a relative value compared with the extent of binding to the sialyllactose-non-treated SBP set at 100%. All the experiments were carried out at least in duplicate, and deviations are expressed by the error bars.
glycolipids were tested as ligands. As shown in Fig. 2 , A and B, SBP had the ability to bind gangliosides GM3, GM1, GD3, and GD1a, which do not exist in sea urchin sperm. No binding to GlcCer or LacCer was observed. These results indicate that SBP recognizes sialic acid residues of the gangliosides. GD1a was a poor ligand for the SBP, compared with other gangliosides. This result suggests that not only sialic acid residues themselves, but also the underlying structures appear to affect SBP binding. The SBP also bound sulfatide, but this binding was not strong relative to other gangliosides. These results suggest that SBP recognizes sialic acid rather than sulfate residues in these acidic glycolipids. The results confirming that GD1a and sulfatide were poorer ligands than GM3, GM1, or GD3 were highly reproducible. However, quanitative evaluation of binding strength of SBP to gangliosides by static and kinetic analyses are necessary for better understanding of the binding specificity of SBP.
Binding of SBP to GM3 was also observed in the absence of Ca 2ϩ and Mg 2ϩ and enhanced by the presence of these cations ( Fig. 2A) , as was observed for the sperm gangliosides (Fig. 1, A  and B) .
Effects of Divalent Cations on Binding of Gangliosides by SBP-Effects of divalent cations on binding of gangliosides to SBP were examined using the sperm ganglioside, (Neu5Ac) 2 GlcCer (Fig. 3) 
Binding Properties of Recombinant Fragments of SBP to
Various Glycolipids-It was previously shown that SBP contains two sperm binding domains (SBD), the genus-nonspecific SBD (amino acids 96 -342), and the genus-specific SBD (amino acids 380 -411), respectively (20) . Therefore, we tested which SBD is responsible for binding to the sperm ganglioside. The recombinant fragments, G-(96 -586) containing both the genusspecific and genus-nonspecific SBDs, G-(96 -342) corresponding to the genus-nonspecific SBD, and G-(343-586) showing properties of the genus-specific SBD (20) , were prepared and tested. As shown in Fig. 4, G-(96 -586) and G-(96 -342) bound the major sperm ganglioside, (Neu5Ac) 2 GlcCer, while only a very weak binding was observed for G-(343-586). No significant binding with hyosophorin-GST (negative control) was observed, and no color was developed in the absence of GST fusion proteins, either, indicating that GST is not involved in the binding (Fig. 4) . As recombinant fragment G-(96 -342) retained binding activity, it appears that the genus-nonspecific SBD is important for binding to sperm gangliosides.
We further tested if the recombinant SBP had the same binding specificity as intact SBP using the recombinant G-(96 - 
FIG. 3. Binding of SBP to ganglioside is enhanced by the presence of Ca
2؉ and Mg 2؉ . The wells were coated with (Neu5Ac) 2 GlcCer (500 ng of sialic acid/well), and incubated with SBP (1.8 g/well) in the presence of CaCl 2 at 1, 5, and 10 mM (Ca 2ϩ ) or MgSO 4 at 1, 10, and 50 mM (Mg 2؉ ), or in the presence (ϩ) and absence (Ϫ) of both 9 mM CaCl 2 and 49 mM MgSO 4 . Binding of SBP to uncoated wells is shown in ϪGSL. The bound SBP was quantified as described under "Experimental Procedures." All the experiments were carried out at least in duplicate, and deviations are expressed by error bars. Fig. 5 , A-D, a GST fusion protein with the recombinant SBP also bound GM3 in addition to (Neu5Ac) 2 -GlcCer and Neu5AcGlcCer, but not GlcCer. These results show that the protein moiety of SBP had the binding activity to sialic acid residues in gangliosides, although the extent of binding was different depending on the gangliosides tested. The recombinant SBP appears to preferentially bind Neu5AcGlcCer rather than (Neu5Ac) 2 GlcCer, or GM3. It should be noted that binding of the recombinant SBP to the gangliosides was not affected by the presence or absence of Ca 2ϩ and Mg 2ϩ (Fig. 5,  A-C) . Considering that binding of the intact SBP is enhanced by divalent cations (Figs. 1-3) , these results suggest that the carbohydrate moieties of SBP may be involved in divalent cation-dependent enhancement of binding, or that SBP contains bound cations.
586). As shown in
Ganglioside Binding Properties of Sialidase-treated SBP-As suggested above, the carbohydrate moieties of SBP may be involved in divalent cation-dependent enhancement of the binding activity. Sialic acids are known to have high affinity for Ca 2ϩ (29) , and SBP is a heavily sialylated glycoprotein (about 30% by weight) (30) . Therefore, we examined effects of sialidase treatment of SBP on its binding activity using (Neu5Ac) 2 GlcCer as a ligand.
The sialidase treatment released 58% of the total Neu5Gc in the SBP. Thus, 42% of the total Neu5Gc residues were retained in the sialidase-treated SBP. No further release of Neu5Gc was observed after additional incubation with the sialidases. This result may be partly due to the presence of 9-O-sulfated Neu5Gc residues (31), which are sialidase-resistant. 3 Actually, SBP used here had Neu5Gc and 9-O-sulfated Neu5Gc residues in a molar proportion of 5:1, based on fluorometric analysis of sialic acid (data not shown). Fig. 6 shows that: (a) the sialidase-treated SBP retained binding to sperm ganglioside irrespective of the presence or absence of divalent cations, (b) in the presence of divalent cations, the sialidase-treated SBP bound the sperm ganglioside more weakly than the intact SBP, and (c) in the absence of divalent cations, the sialidase-treated SBP bound the ganglioside as well as the intact SBP. These results indicate that a 58% reduction of sialic acid residues in SBP results in a loss of divalent cation-dependent enhancement of the binding activity. In other words, the sialic acid residues on SBP may be involved in the divalent cation dependence.
SBP Binds the Sperm LD-DIM-SBP is exclusively localized in the vitelline layer of the egg (18) . Sperm gangliosides could become associated with SBP when sperm are passing through the vitelline layer. Because sperm gangliosides are highly enriched in LD-DIM, or lipid rafts (5), it is hypothesized that SBP interacts with the gangliosides-enriched LD-DIM. To provide evidence supporting this linkage, we measured binding of SBP to sperm LD-DIM. As shown in Fig. 7A , SBP bound sperm LD-DIM in a dose-dependent manner. Divalent cation-dependent enhancement was also observed for binding of SBP to sperm LD-DIM. These LD-DIM binding properties are similar to those observed for ganglioside binding, thus suggesting that SBP may be binding to gangliosides on the sperm LD-DIM. To estimate how sialic acid residues of gangliosides on the sperm LD-DIM contribute to SBP binding, LD-DIM was treated with sialidases and subsequently analyzed for SBP binding. As shown in Fig. 7B , binding was greatly reduced, depending on the amount of sialidase added. This result indicates that sialic acid residues in the sperm LD-DIM are necessary for binding between SBP and sperm LD-DIM.
Liposomes Containing Sperm Ganglioside Inhibit Sea Urchin Fertilization-To assess the biological importance of sperm gangliosides at fertilization, the effects of co-incubation of eggs with liposomes containing the major sperm ganglioside were tested in H. pulcherrimus. As shown in Fig. 8 , fertilization was inhibited by liposomes in a dose-dependent manner. On the other hand, much less or no inhibition was observed with control liposomes. These results suggest that the major sperm ganglioside may competitively inhibit the binding of sperm to some egg components that are important for fertilization, most probably SBP. No apparent differences in sperm motility and jelly-induced acrosome reaction were observed in the liposometreated sperm. 2 
DISCUSSION
SBP is the species-specific sperm binding molecule that was first identified in sea urchin eggs (14 -17) . Sperm can bind to this glycoprotein after the acrosome reaction to initiate spermegg binding at fertilization. SBP has two SBD, a genus-specific and a genus-nonspecific SBD (20) , corresponding to amino acids 96 -342 and 380 -411, respectively. The binding counterpart of the genus-specific SBD is shown to be bindin (21). Bindin is a major acrosomal protein that is associated with the sperm plasma membrane after acrosome reaction, and mediates adhesion and fusion between sperm and egg (32, 33) . However, the binding counterpart of the genus-nonspecific SBD had not previously been identified. In this study we have clearly demonstrated that the binding counterpart for the genus-nonspecific SBD is sialic acid residues of sperm gangliosides. Thus, in search for the binding counterpart for the sea urchin sperm gangliosides, we first found that SBP has the ability to bind the major sperm ganglioside, (Neu5Ac) 2 GlcCer. This binding was not observed when sialic acid residues were removed from the sperm ganglioside by sialidase treatment. Binding experiments using various glycolipids as ligands revealed that SBP could bind the sialic acid-containing glycolipids (gangliosides) GM3, GM1, GD3, GD1a, Neu5AcGlcCer and (Neu5Ac) 2 GlcCer, but not GlcCer or LacCer. GM3, GM1, GD3, and GD1a are not sea urchin sperm components. These results indicate that SBP recognizes sialic acid residues. Bacterially expressed recombinant proteins consisting of the N-terminal half of SBP (amino acids 96 -586 and 96 -342) retained binding activity for sialic acid residues in various gangliosides. Thus, the polypeptide chain of the molecule has the activity to bind sialic acids, although SBP is heavily glycosylated (70% by weight) and sialylated (30% by weight). Based on these results, SBP can be regarded as a sialic acid-binding lectin. As has been pointed out, the sequence identity in the N-terminal 500 amino acid residues of SBP is 63% as compared with the N-terminal half of the hamster Hsp110 (17) . Therefore, the N-terminal Hsp110-like domain of SBP is responsible for the binding activity.
3-O-Sulfated Gal-containing glycolipid (sulfatide) could also be a ligand for SBP, but it was a poor ligand compared with ␣2,3-sialylated Gal-containing glycolipids, GM3. This is also the case with the recombinant form of SBP consisting of amino H. pulcherrimus eggs were co-incubated with liposomes containing the sperm ganglioside (Neu5Ac) 2 GlcCer(H) (•) or with control liposomes (f), followed by the fertilization procedures as described under "Experimental Procedures." Two independent experiments were carried out on different days, and the deviation from the average is shown by error bars.
acids 96 -586 (data not shown). Recently, Mamelak et al. (22) have reported that recombinant SBP (amino acids 96 -586) can bind sulfatide, but not the ganglioside GM1, as determined by thin-layer chromatography overlay assay. However, we unambiguously demonstrated that SBP bound gangliosides. As they did, we also tested with the recombinant protein to show that it bound GM1 as well as other gangliosides, although the binding was relatively weak (data not shown, but similar to GM3 in Fig.  5 ) when compared with Neu5AcGlcCer and (Neu5Ac) 2 GlcCer. We also observed that sulfatide was a poor ligand, even when we used the sulfatide species that was reported to be most strongly bound by the recombinant protein (22) . Examination of the results of Mamelak et al. (22) suggests that binding of the recombinant protein to sulfatide is weak as compared with that of the recombinant mouse testis-specific Hsp70. Therefore, it can be concluded that SBP is a sialic acid-binding protein rather than a sulfated Gal-binding protein.
Lingwood and co-workers (22, 34) demonstrated that the Hsp70 family possesses a unique binding specificity for 3-Osulfated Gal-containing lipids. As the N-terminal half of SBP is homologous to the ATP-binding domain of the Hsp70 family, the difference in binding specificity must be attributed to the particular differences in the N-terminal half of the sequence. In this regard, it is interesting to note that SBP is a member of the Hsp110 family, a distant subfamily of molecular chaperones among the large Hsp70 families (35) . Therefore, our results on the binding specificity of SBP suggest that members of the Hsp110 subfamily have different specificities than other members of the Hsp70 family. It would be interesting to determine structural elements required for recognition of sialic acids in the Hsp110-like domain in SBP, and this line of experiments is underway in our laboratory.
The sialic acid-binding lectins play important roles in various biological phenomena, such as cell-cell interactions (36, 37) . Siglecs and selectins are two large families of sialic acid-binding lectins (36, 38) . This study shows that SBP is a sialic acid-binding lectin that belongs to the Hsp110 family (17) . Therefore, the Hsp110-like lectins could represent a new family member of the sialic acid-binding lectins, although the binding specificity of other members of the Hsp110 family will have to be determined.
SBP required no Ca 2ϩ or Mg 2ϩ in sea water for binding activity. However, in the presence of these cations, binding activity was enhanced by 40 -60%. Ca 2ϩ is effective at lower concentrations than Mg 2ϩ in enhancing the binding activity of SBP. Interestingly, this divalent cation-dependent enhancement of binding activity was lost when examined with the recombinant protein consisting of amino acids 96 -586. As this recombinant protein was devoid of carbohydrate moieties, enhanced binding activity is possibly dependent on the presence of carbohydrates on SBP. To confirm this possibility, effects of sialidase treatment on the binding properties of SBP were examined, because sialic acids are known to have a relatively high affinity for Ca 2ϩ (29) . SBP contains oligomers of Neu5Gc capped by the 9-O-sulfated Neu5Gc residues (30) . Based on fluorimetric analysis of the sialic acid, the SBP used here is composed of Neu5Gc and 9-O-sulfated Neu5Gc residues in a molar proportion of 5:1, and 58% of the total Neu5Gc were released from the SBP by exhaustive sialidase treatment. Therefore, the sialidase treatment was extensive but not complete. This result may be due to the presence of 9-O-sulfated Neu5Gc residues, which are sialidase-resistant. 3 Since the sialidase-treated SBP was composed of Neu5Gc and 9-O-sulfated Neu5Gc (1.5:1, mol/mol), sulfate group-capped oligomers with on average two or three Neu5Gc residues are estimated to remain undigested in the molecule. This estimation is consistent with the previously reported average chain length of the oligoNeu5Gc moieties (31) . Binding experiments using sialidase-treated SBP showed that desialylation of 58% resulted in loss of divalent cation-dependent enhancement of binding. This result indicates that the sialylated carbohydrate moieties in particular sites of SBP molecule may be involved in the divalent cation-dependent enhancement of binding activity. In this regard, it should be noted that oligo-or polymeric forms of sialic acid are known to bind Ca 2ϩ with relatively high affinity (29) . Thus, complex formation of the particular sialyl carbohydrate moieties with divalent cations may stabilize the functional structure of SBP. Alternatively, the divalent cation-carbohydrate complex may possibly be involved in direct binding to the gangliosides through carbohydrate-carbohydrate interaction. This interaction is possible because of the fact that acrosomereacted sperm can bind carbohydrate chains that are released from SBP and conjugated with bovine serum albumin (19) . Furthermore, we cannot exclude the possibility that alterations of higher order structure of SBP by removal of sialic acid residues affect the binding ability to the gangliosides as well as its divalent cation-dependent property. It is possible that the sialidase-treated SBP forms such a complex that reduces the binding ability either via the underlying carbohydrates or via other ionic or hydrophobic interactions, since the sialic acid content of SBP is high enough to prevent aberrant complex formation. However, an underlying mechanism for these divalent cation-and/or carbohydrate-dependent binding properties should be elucidated by further experiments, e.g. binding experiments between the carbohydrate moieties of SBP and the sperm gangliosides in the presence and absence of Ca 2ϩ . It is also noted that native and recombinant SBPs show different binding specificities against the two sperm gangliosides, Neu5AcGlcCer and (Neu5Ac) 2 GlcCer. Thus, SBP binds these gangliosides with comparable affinity, while the recombinant SBP, G-(96 -586), binds Neu5AcGlcCer better than (Neu5Ac) 2 GlcCer. We currently do not know the reason for the difference, but the large C-terminal and the heavy carbohydrate parts of native SBP, both of which are deficient in the recombinant SBP, may affect the binding specificity. For example, as described above for unique binding property of the sialidase-treated SBP, a particular conformation of the sialic acid-binding domain of the recombinant SBP due to carbohydrate deficiency, unmasking effects of the sialic acid-binding domain occupied by the sialic acid residues on the same SBP molecule, or formation of such aberrant complex with low binding ability to the gangliosides may cause the change in substrate specificity. These issues should be addressed in future studies.
Previously, we showed that sperm gangliosides are highly enriched in the lipid rafts or the LD-DIM (6). The sperm lipid rafts of sea urchin are suggested to be the sites of sperm-egg interaction as well as subsequent signal transduction, because the receptor and transducer proteins are co-localized in the lipid rafts (7) . We have tested if SBP binds sperm LD-DIM in order to determine whether binding of SBP to sperm ganglioside is involved in interaction and signaling on the LD-DIM. The results showed that SBP bound sperm LD-DIM and that this binding was mainly dependent on sialic acid residues on the LD-DIM. We previously showed that sulfatide is also enriched in the LD-DIM, and amounts to two-thirds of the gangliosides (6) . However, because binding of SBP to sialidasetreated LD-DIM is very low, sulfated Gal residues in the LD-DIM are not critical for interaction with the SBP. It is thus concluded that sperm is associated with the genus-nonspecific SBD of SBP through the gangliosides present on sperm lipid rafts. In order to elucidate the significance of this interaction in the context of fertilization processes, effects of co-incubation of sea urchin sperm and eggs with phosphatidylcholine/ cholesterol liposomes containing the sperm ganglioside (Neu5Ac) 2 GlcCer were examined. The sperm ganglioside-containing liposomes inhibited fertilization, while the liposomes without ganglioside had no effects. Furthermore, we have recently shown that fertilization is inhibited by the two antisperm ganglioside antibodies mAb.3G9 and mAb.2A11, and the Fab fragment of mAb.3G9. 2 This result clearly indicates that gangliosides on the sperm surface are important at fertilization.
It has been shown that SBP is largely localized in the vitelline layer and plays a role in species-specific binding to the vitelline layer by acrosome reacted sperm (18, 39, 40) . During passage through the vitelline layer, SBP may interact with at least two kinds of molecules on the sperm surface, bindin and gangliosides. Previously, we reported that bindin was not detected on sperm lipid rafts (6) . However, we have most recently found that bindin is associated with sperm lipid rafts when they are prepared in a way that more closely approximates physiological conditions. 4 Therefore, bindin and gangliosides appear to be co-localized in sperm lipid rafts, enabling SBP to be associated with the lipid rafts. Thus, SBP mediates proteinprotein interaction with bindin as well as the carbohydrate interaction with gangliosides on lipid rafts. It would be interesting to reveal how these two different interactions are coordinated during the initial binding of sperm to the vitelline layer and guidance of bound sperm to the plasma membrane at fertilization.
Finally, the importance of this study is 2-fold. First, SBP is a new type of sialic acid-binding lectin that belongs to the Hsp110 family, a distinct subfamily of the Hsp70 families of molecular chaperones. The Hsp110-like domain of the molecule is responsible for recognition of sialic acids. This is the first report that the Hsp-related proteins bind sialic acids. Second, this sialic acid-binding lectin functions in an important biological context, i.e. the initial binding to and passage through the vitelline layer (an extracellular matrix protein layer of egg), to allow the sperm to reach the egg plasma membrane. The binding of this lectin to lipid rafts through both protein-protein and protein-carbohydrate interactions may occur during the process of sperm-egg membrane interaction and fusion.
